The extent of fiber damage due to low-velocity impacts was determined for a 36-mm(1.4-in.)-thick graphite/epoxy laminate. The impacts were simulated by quasistatically pressing spherical indenters against the laminates. Indenters of several diameters were used. The laminates were cut into smaller specimens, each containing a test site. The specimens were pyrolyzed to remove the epoxy, and the plies were separated and examined to determine the extent of fiber damage. Broken fibers were found in the outermost layers directly beneath the contact site. The locus of broken fibers resembled cracks. The cracks, which were more or less oriented in the direction of the fibers in the neighboring layers, initiated when the contact pressure exceeded a critical value. However, damage did not become visible on the surface until the pressure exceeded an even higher level. The maximum length and depth of the cracks increased with increasing contact pressure and indenter diameter. The length and depth of the cracks were predicted using theory of elasticity and maximum stress criteria. The predictions and measurements were in good agreement.
INTRODUCTION
N ASA WAS DEVELOPING lightweight filament-wound cases (FWC) to use in lieu of existing steel cases for the solid rocket motors of the space shuttle. These lightweight motors were to have been used for certain missions that required a lower mass at launch. (The program was canceled before the first flight.) The cases were made using a wet filament-winding process, hence the name filament-wound case (FWC). Each lightweight motor would have consisted of cylinders) with actual thickness revealed that impacts by blunt objects with low velocity could reduce the uniaxial tension strength of the FWC by as much as 30 percent without making visible surface damage [1] [2] [3] . Only fiber damage could reduce the strength 30 percent and more. Radiographs and conventional ultrasonic attenuation maps do not discriminate between matrix and fiber damage and, in this case, did not seem to reveal the full extent of internal damage [4] [5] [6] [7] . Therefore, the present investigation was conducted to determine the extent of internal fiber damage, particularly when the damage was not readily visible on the surface. A destructive technique was used to reveal the broken fibers directly. None of the original rings remained to test; only small plates from actual FWCs were available. Falling masses would not necessarily produce the same impact force on a small plate as on a large cylinder. Therefore, the impacts were simulated by slowly pressing hemispherical indenters against the laminates, which were continuously supported on the opposite face. Hence, impact force was taken as the independent variable rather than the usual kinetic energy and mass of the impacter. For a thick laminate, the displacements of the cylinder are localized, much like the simulated impacts. Hence, damage caused by lowvelocity impacts and the simulated impacts should be similar. Hemispherical indenters of several diameters were used. After the simulated impact forces were applied, the laminate was cut into small squares, each containing a contact site. The pieces were pyrolyzed to remove the epoxy, and the plies were separated and examined to determine the extent of fiber damage. The size of damage was also predicted using maximum stress criteria. The internal stresses were calculated with Love's elasticity solution for pressure applied on part of the boundary of a semi-infinite body. The contact pressures were calculated assuming Hertzian contact. The measured and predicted sizes of damage were generally in good agreement. This report summarizes the results in Reference [8] . However, some of the tests in Reference [8] were repeated because of a concern that the equipment indicated incorrect values of force.
HERTZIAN CONTACT
For a semi-infinite body that is homogeneous and transversely isotropic [9] , the local displacement or indentation is given by where R is the radius of the hemispherical indenter and F is the resultant contact force. The term no is defined as where and vi and E1 are the elastic constants of the isotropic sphere and P,, vrz, Er, Ez and Gzr are the elastic constants of the transversely isotropic body. Equation (1) is accurate only when u < R.
The corresponding contact radius is given by and the pressure distribution on the surface is given by where Q = rlr, and is the average contact pressure. The pressure varies from a maximum of 1.5p, at p=0tozeroatp=l.
INTERNAL STRESSES
Love's solution for stresses in a semi-infinite body produced by pressure on part of the boundary [10] was used to calculate the internal stresses in the FWC plates. The pressure distribution is given by Equation (4) , and the body is assumed to be homogeneous and isotropic. Even though the laminate is made of orthotropic layers, the results should at least be qualitative.
Contours of maximum shear stress 7-~, and maximum compression stress QmaX are plotted in Figure 1 for various values of average contact pressure. A value of 0.3 was used for Poisson's ratio. The maximum compression stress is in the plane of the composite layers, but the shear stress is not. For 9 = 0, the plane of the maximum shear stress is oriented at 45 to the layers. The depth from the surface and distance from the center of contact are normalized by the contact radius r~. The stresses are axisymmetric about the center of the contact region. Each contour represents the extent of damage according to a maximum stress criterion (7-_, = Tu or Umax = a~) . The criteria predict that damage does not initiate until p~ exceeds 2.15~, or O,834amax' and that damage initiates on the axis of symmetry. However, for the shear stress criterion, damage initiates below the surface at a normalized depth of 0.482; whereas, for the compression stress criterion, damage initiates at the surface.
For the maximum shear stress criteria, the maximum depth of the damage contours, Figure l (a), is given by where ? = alrc and v is Poisson's ratio (for an isotropic material); and the depth ao, which corresponds to the location of Tmax, is given by where ~,, = aolr~.
It can be shown with Equations (3) and (5) that the contact radius r, increases in proportion to indenter radius R and average contact pressure p~. Thus, the size of the damage contours in Figure 1 increase in proportion to R. Since damage is not included in Love's solution, the contours only approximate the size of the damage region. Actually, the stresses from Love's solution are exact only for predicting the onset of damage in an isotropic homogeneous body. MATERIAL Two 30.5 by 30.5-cm (12 by 12-in.) plates from a prototype FWC were used. This FWC had been internally pressurized to 110 percent of the maximum expected operating pressure. The plates appeared to be undamaged by the pressure cycle. The materials of the test rings in References [1] [2] [3] [4] and the plates were as nearly the same as manufacturing considerations would allow. Both were wound by Hercules Inc. using a wet process and AS4W-12K graphite fiber and HBRF- 55A epoxy resin except for the hoop layers of the rings, which were hand laid using prepreg tape. The layup of the rings and plates were essentially identical. The plates were 36.8 mm (1.45 in.) thick.
From outside to inside, the laminate orientation of plate # 1 was {(::!:: ~)2/0/ [(±~)2/0]3/[(=f=~)2/0]7/[±~/02]2/±~/04/='=<~/02/(=b<~)2/cloth~ and that of plate # 2 was { ±~/0/ [( ±~)2/0]3/[( =h <~)2/0]7/ [ =t= <~/02]2/ ± <~/02/ =h (~/~z/ ( =h <~)2/ClOth}. The 0° layers are the hoops and the *$ layers are the helicals, where 0 = 56.5 ° . The underlined helical layers have about 1.6 times as many tows per unit of width as the other helical layers and are thus thicker in the same proportion. The cloth layer at the inner surface has an equal number of fibers in the warp and weave directions. The plates are balanced (equal numbers of + 0 and -0 layers) but not symmetrical about the midplane. Most of the hoop layers are closer to the inner surface than the outer surface. Only the outside helical layers for the two plates are different.
The elastic constants of the lamina are given in Table 1 . The constants of the laminate are given m Table 2 . They were predicted with lamination theory using the lamina constants in Table 1 . Even though the laminate is not symmetric, the displacements of the FWC are axisymmetric for internal pressure, and stretching and bending do not couple. Thus, the elastic constants were calculated assuming that the laminate was symmetric. The x-direction corresponds to the hoop direction of the FWC. 
TEST APPARATUS AND PROCEDURE
The contact forces for the simulated impacts were applied with a 500-kN (112lbf) closed-loop, servo-controlled, hydraulic testing machine operating in a loadcontrol mode. The load was increased very slowly by turning a potentiometer. After reaching the desired maximum load, the load was decreased slowly to zero in the same manner. Load and displacement were recorded during each test. Each plate lay on a 36 x 46 x 5-cm (14 x 18 x 2-in.) aluminum platen, which had one flat surface and one curved surface that mated with the plates (see Figure 2 ). The aluminum platen was fastened to a flat 25 x 64 x 10-cm (10 x 25 x 4-in.) steel platen that was fastened to the hydraulic actuator. The indenters were screwed into an aluminum rod, which was held firmly by steel &dquo;L&dquo; grips. The indenter was centered on the fixed aluminum platen, and each plate was moved around to align the indenter with the center of a square. The load vector was always normal to the curved surface of each plate. The hemispherical indenters were made of a hardened steel and had diameters of 12.7, 25.4, and 50.8 mm (0.50, 1.00, and 2.00 in.).
For the 25.4-mm-diameter (1.00-in.) indenter, it was found [2] [3] [4] that the impact-force threshold for nonvisible damage was about 75.2 kN (16.9 kips), which corresponded to an average contact pressure of 640 MPa (93 ksi). Contact forces were chosen for each of the three indenter diameters to give a range of average contact pressure from 64 to 116 percent of 640 MPa (93 ksi), focusing attention on the threshold for nonvisible damage. Values of contact pressure were calculated from force and vice versa using Equations (3) and (5) (see Table 3 ). 
Figure 2. Test apparatus
Plate # 1 was used for all tests with the 50.8-mm-diameter (2.00-in.) indenter and for those with the 25.4-mm-diameter (1.00-in.) indenter that had pressures greater than 514 MPa (85.4 ksi). Plate # 2 was used for all tests with the 12.7-mmdiameter (0.50-in.) indenter and for those with the 25.4-mm-diameter (1.00-in. ) indenter that had pressures less than or equal to 514 MPa (85.4 ksi).
After the contact forces were applied, the plates were cut into 38 by 38-mm (1.5 by 1.5-in.) squares. One square for each combination of indenter diameter and contact pressure was deplied. In the deply process, the squares were heated to 400°C (725°F) for 60 to 90 minutes to partially pyrolyze or bum away the epoxy matrix. Following pyrolysis, the laminate was mostly a loose stack of graphite layers. The top layer of the stack was the side that was contacted by the indenter. The lengths of cracks were measured using an optical microscope. For specimens from plate # 1, crack length was measured only on the bottom side of the layers, Table 3 . Contact forces and pressures for the various indenter diameters. but for specimens from plate # 2, crack length was measured on the top and bottom sides of the layers.
The value of no in Equations (1) through (3) was determined from the load-displacement curves. A value was calculated for each test using Equation (1) and the maximum load and displacement or the load and displacement at 80 percent of the estimated impact-force threshold for nonvisible damage, whichever was smaller. The data were restricted because Equation (1) does not account for damage. The average of the no values was 4.52 GPa (656 ksi) and the coefficient of variation was 0.0984. For comparison, the value of no was also calculated from the elastic constants using Equation (2) . The FWC laminate can be approximately represented as a transversely isotropic laminate as follows:
For Ez « En no increases in proportion to E. and is not very sensitive to E~ and hence the difference between Ex and E. Values of E22, V12, and G12 for the hoop and helical layers were averaged. Assuming that Ei = 207 GPa (30 Msi) and v, = 0.3 for the steel indenter, Equation (2) gives no = 4.69 GPa (680 ksi). The values of no calculated from the load-displacement curves and the elastic constants agree quite well.
RESULTS AND ANALYSIS
Photographs of the outermost 18 layers from a specimen that was subjected to a simulated impact using the 50.8-mm(2.00-in.)-diameter indenter are shown in Figure 3 . The contact force and pressure were 267 kN (60.0 kips) and 648 MPa (94.0 ksi), respectively. The force was sufficient for the indenter to make visible damage (crater) on the surface. The layers contain broken fibers, the locus of which resembles &dquo;cracks.&dquo; The cracks are visible in the 15 outermost layers. These cracks were mostly parallel to the direction of fibers in the neighboring layers. By coincidence, the cracks appear to be nearly normal to the fibers in the layer in which they reside. When the fibers in the neighboring layers were not parallel to each other, the direction of the cracks wandered between the direction of the fibers in each neighboring layer. The fiber breaks for actual impacts were very similar [2, 3] . Several specimens were not deplied but were sectioned through the thickness and examined using a scanning electron microscope. Photomicrographs of two sections from the same depth are shown in Figure 4 . This impact was also simulated with the 50.8-mm(2.00-in.)-diameter indenter, producing a contact force of 200 kN (45.0 kips) and a contact pressure of 589 MPa (85.4 ksi). This force was also sufficient for the indenter to make a visible crater on the surface.
The section on the left in Figure 4 is directly below the contact area, and the section on the right is outside the contact area. The sections are normal to the plane of the hoop layers and parallel to the direction of the hoop fibers. An edge of the outermost hoop layer can be seen at the center of both sections. The section on the left reveals several matrix cracks in the helical layers on both sides of the hoop layer. The cracks are located in the plane that corresponds to the maximum shear stress along the centerline (0 = 0 in Figure 1 ). The matrix shear cracks continue across the hoop layer and thus break the fibers. This combination of matrix shear cracks and broken fibers was typical in the other sections as well.
Fiber kinking in the hoop layer, which is associated with in-plane compression failure, can be observed in the section on the right in Figure 4 . A rather large void lies above the kinked fibers, and what appears to be a delamination lies below. This delamination is probably a lack of bond caused by the manufacturing process rather than by the simulated impact. This type of delamination was not unusual in the many FWCs that were made. Thus, the fiber kinking is probably a result of the inplane compression stress due to the simulated impact combined with the lack of matrix support to the fibers.
The maximum length of cracks in each layer was measured for 20 of the deplied specimens. The half-length of cracks in each layer is plotted in Figure 5 for the three indenters and six values of contact pressure. For specimens from plate # 1, crack length was assumed to be constant through the thickness of a layer. In general, the length and depth of the cracks increases with contact pressure and indenter diameter. Cracks were not found in any layers for the smallest contact pressure of 408 MPa (59.2 ksi) nor for 514 MPa (74.6 ksi) and the two smallest indenters. At a pressure of 648 MPa (94.0 ksi), the reported threshold for nonvisible damage in References [2, 3] , the fiber damage is extensive. For an average contact pressure of 742 MPa (108 ksi), tests were duplicated for the 25.4and 50.8-mm-diameter (1.00-and 2.00-in.) indenters. The results for the duplicate tests, which are not presented here for the sake of brevity, were in good agreement.
The maximum depths of fiber breaks for the deplied specimens are plotted in Figure 6 . The damage depth was normalized by the contact radius. The filled symbols indicate visible surface damage (craters) , and the open symbols indicate no visible surface damage. The 50.8-mm-diameter (2.0-in.) indenter made no visible surface damage for average contact pressures below 590 MPa (86 ksi). The pressures to cause visible damage were a little larger for the smaller indenters. Considering the wide range of r~ values, the normalized damage depths coalesce fairly well for the various indenter diameters, indicating that the damage depth is proportional to the contact radius as predicted by Love's solution.
The maximum depths of the contours in Figure 1 are also plotted in Figure 6 using values of Tu = 269 MPa (39 ksi) and (7. = 587 MPa (85 ksi). These values were chosen to fit the deply data. The maximum depths of damage correspond to the maximum shear stress criterion, and the damage threshold corresponds to the maximum compression stress criterion. Notice that the damage caused by the inplane compression stress is predicted to be very shallow. Although the allowables 7u = 269 MPa (39 ksi) and or. = 587 MPa (85 ksi) were chosen to make the analysis and deply data agree, they are also realistic. The average compression strength of disks cut from the cylinder was 620 MPa (90 ksi) [2, 3] , which corresponds to a maximum shear stress of 310 MPa (45 ksi). The ultimate compression strain for unidirectional AS4/3501-6 is about 0.0175 [10] , which corresponds to an in-plane compression stress of approximately 610 MPa (88 ksi) for the FWC plates. These values are in good agreement with the assumed values of 7u and Qu, especially considering that Love's solution is for a homogeneous isotropic body and does not take into account damage.
The maximum width of the damage contours in Figure 1 is plotted against the average contact pressure in Figure 7 for values of 7u = 269 MPa (39 ksi) and au = 587 MPa (85 ksi). The maximum half-crack lengths for the deplied specimens are plotted for comparison. Both predictions and measurements are normalized by contact radius as before. In this case, the curve for the maximum shear stress criteria is a little below the mean of the deply data, but still the agreement is good. Notice that similar crack lengths are predicted using the maximum compression and shear stress criteria, whereas the predicted crack depths in Figure 6 were quite different. This result is also apparent from the stress contours in Figure 1 .
CONCLUSIONS
The extent of fiber damage due to low-velocity impacts was determined for very thick graphite/epoxy laminates. The impacts were simulated by pressing spherical indenters against the laminates. The specimens were deplied, and broken fibers were found in the outer layers directly beneath the contact site. The locus of broken fibers resembled cracks, which were more or less oriented in the direction of the fibers in the neighboring layers. The maximum length and depth of the cracks increased with increasing contact pressure and indenter diameter. The cracks initiated below the surface at a critical contact pressure of about 500 MPa (73.0 ksi), but damage did not become visible on the surface until the pressure exceeddd about 640 MPa (93.0 ksi). The critical pressure to initiate damage was in- Figure 7 . Comparison of predicted and measured crack length. dependent of indenter diameter. But the critical pressure to cause visible damage on the surface increased somewhat with decreasing indenter diameter. Several specimens were not deplied but were sectioned and examined in a scanning electron microscope. Shear type cracks were found in the matrix next to the broken fibers, indicating that matrix cracking due to shear probably precipitated the fiber failures.
The internal stresses in the laminate were calculated using Hertz's law and Love's solution for pressure applied on part of the boundary of a semi-infinite body. The maximum length and depth of the cracks were predicted using maximum compression and shear stress criteria. The predictions and measurements were in good agreement with the deply results. Original measurements were made in English units and converted to SI units.
